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Microelectronic solder joints are typically exposed to aggressive thermome-
chanical cycling (TMC) conditions during service. During TMC, strain localiza-
tion occurs near solder/bond pad interfaces, where large, inelastic-shear
strains accumulate, eventually causing low-cycle fatigue (LCF) failure of the
joint. In this study, a novel methodology to mitigate the effects of strain local-
ization within the joint is discussed, wherein the solder alloy is reinforced with
a martensitic NiTi-based, shape-memory alloy (SMA). In this scheme, the SMA
reinforcement deforms in shear concurrently with the solder during TMC and,
subsequently, undergoes martensite-to-austenite (M → A) transformation,
placing the solder matrix next to the reinforcements in reverse shear. This is
purported to reduce inelastic-strain localization within the solder and, thus,
enhance joint life. In this paper, we present results of thermal-mechanical
loading experiments conducted on a monolithic 95.5Sn-3.8Ag-0.7Cu solder, a
Cu/Cu6Sn5 particle-reinforced solder, and NiTi-solder, single-fiber composites
(SFCs) to elucidate the impact of the shape-memory effect on the overall joint
behavior. It is demonstrated that during TMC, the phase transformations oc-
curring in NiTi can significantly reduce the inelastic-strain range to which a
joint is subjected (by ~25% in the present experiments). Finally, we report on
the successful fabrication of a composite solder paste from which adaptive
solders with a uniform distribution of about 5 vol.% of NiTi particulates may
be produced.
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INTRODUCTION

In flip-chip (FC) and ball-grid array (BGA) elec-
tronic packages, arrays of solder balls provide
electrical and mechanical connections between a
semiconductor chip and a polymeric circuit board.
Because of the coefficient of thermal expansion (CTE)
mismatch between semiconductor and polymer, sol-
der joints are subjected to severe shear conditions
during thermal cycling, leading to the accumulation
of large inelastic strains within localized regions
within joints.1–4 This accrual of inelastic strains leads

to low-cycle fatigue (LCF) of the solder joints, poten-
tially resulting in joint failure and, hence, destruction
of the package.5 As solder joints shrink progressively
and the maximum, chip operating temperature in-
creases with each advancing semiconductor technol-
ogy node, the joints will be subjected to increasingly
aggressive thermomechanical conditions by way of
larger imposed shear strains and greater tempera-
tures. This necessitates the development of innova-
tive approaches to reduce inelastic-strain localization
within solder joints to enhance joint life.

One way by which mitigation of internal strain lo-
calization has been attempted in recent years is by
reinforcing the solder with small volume fractions of
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a stiff material to form a composite, resulting in
increases in strength and creep and fatigue resis-
tance.6–14 In-situ Ni3Sn4 and Cu6Sn5 dispersions in
the solder have been observed to enhance stress-
controlled fatigue life, although strain-controlled
fatigue life appears to decrease because of increased
void nucleation.6 Studies on solders reinforced by
Ni, Ni-coated graphite particles, Cu, Cu-Sn inter-
metallics (Cu3Sn and Cu6Sn5), FeSn/FeSn2, and
Ni3Sn4

7,8,13 have shown improvements in strength
relative to the monolithic solder and have enhanced
the creep/fatigue life, particularly at slow strain
rates.8,9 In addition, reinforcing the solder by small,
stiff and hard particles reduces inelastic-strain
localization within joints, thereby allowing more
homogeneous deformation of the joint.14 However,
the presence of reinforcements may also cause more
rapid creep-damage accumulation, as reflected in
the reduced performance under strain-controlled
fatigue conditions,6 which are commonly encoun-
tered in microelectronics. Furthermore, because of
its greater strength and stiffness, composite solders
may subject the brittle semiconductor device to
larger stresses, which is generally undesirable.

In response to these shortcomings of “passive” re-
inforcements, there has been considerable recent
interest in developing “smart” or “adaptive” solder
alloys reinforced by NiTi shape-memory alloy (SMA)
particles.15–20 In particular, attempts have been
made to fabricate NiTi particulate-containing solder
alloys with the objective of exploiting the superelas-
tic properties of austenitic NiTi (i.e., its ability to
sustain large recoverable strains) to reduce the
stresses in the solder matrix immediately adjacent
to the reinforcements. To date, most of the effort has
been focused on processing issues related to incorpo-
rating NiTi reinforcements in the solder, which is
very difficult because of the poor wetting between
NiTi and solder. Electroless Ni and Cu coatings on
NiTi wires and particulates have been used to pro-
mote wetting of NiTi by the solder,16,17,19 although it
has been noted that the wetting characteristics
deteriorate with time and temperature exposure
to the solder melt because of dissolution of the
coating.17 This suggests that the coating approach
may not be suitable for microelectronic applications,
where multiple reflows are common. Furthermore,
even when the NiTi particles are coated, obtaining a
uniform distribution of NiTi in the solder has proved
to be difficult.18,20 Indeed, to date, no published
microstructure of solder with an even distribution of
NiTi particulates can be found in the literature.

Furthermore, very limited mechanical-property
data on NiTi-solder composites have been reported
to date. Reinforcement by austenitic NiTi has been
found to simultaneously enhance stiffness and duc-
tility of the solder.4 This has been loosely ascribed to
the inhibition of damage initiation in the solder
caused by the large strains absorbed by the super-
elastic NiTi, although a clear mechanistic rationale
is yet to emerge.4

Because austenitic NiTi is much stiffer and
stronger than the solder,* it is unclear whether the
load level necessary for the austenite-to-martensite
(A → M) transformation for superelasticity in NiTi
can be reached in a solder matrix. Furthermore,
because superelasticity typically occurs over a rela-
tively small temperature range beyond the austen-
ite finish temperature (Af), it is unlikely that this
phenomenon can be exploited over a significant part
of TMC conditions, which typically span more than
100°C in typical microelectronic applications.

Because martensitic NiTi and solder have similar
modulus and flow stress (E and σf) values,** it may
be advantageous to use the one-way, shape-memory
effect in martensitic NiTi reinforcements to produce
adaptive lead-free solder joints, as this would enable
simultaneous deformation of the NiTi with the sol-
der. In this smart or adaptive reinforcement scheme,
the reinforcements would first deform with the
solder matrix in shear during thermomechanical-
loading of the solder joint, followed by snapping
back to their original shape at the martensite-to-
austenite (M → A) transformation temperature,
thus placing the solder in reverse shear. By impos-
ing a back stress, the reverse shear would reduce
the forward inelastic strains (plastic and creep) in
the solder, thereby decreasing the overall inelastic
shear-strain range to which the joint is subjected,
leading to improvements in the TMF life of the
solder. In addition, a fine dispersion of NiTi rein-
forcement particles in the solder would also help
redistribute the large, local strain concentrations
that induce failures in FC solder joints next to
solder/bond pad interfaces4 and, thus, result in sub-
stantial potential improvements in joint life.

In this paper, we demonstrate the viability of this
approach through thermomechanical-loading experi-
ments on model single-fiber composite (SFC) solder
joints. Furthermore, we report on our successful ef-
forts at producing NiTi particulate-reinforced solder
composites with a homogeneous reinforcement distri-
bution, without using a coating on the NiTi particles.

EXPERIMENTAL

Thermomechanical Behavior

The TMC studies were conducted on monolithic
solder joints, solder reinforced by Cu/Cu6Sn5 partic-
ulates, as well as a single martensitic NiTi fiber-
reinforced solder composite. A 95.5Sn-3.8Ag-0.7Cu
solder was used for all experiments.

The Cu/Cu6Sn5-solder (C-S) composite was used to
assess the impact of passive reinforcements and pro-
vide a baseline for comparison with NiTi-reinforced
solders. The composite was fabricated by first mak-
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* The Young’s modulus (E) and flow stress (σf) of austenitic NiTi
are around 83 GPa and 190 MPa, respectively, whereas those of
solder are around 30 GPa and 30 MPa, respectively, at ambient
temperature.21,22

** For martensitic NiTi, E and σf are around 30 GPa and 50 MPa,
respectively, in the annealed condition.21,22
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ing a thick paste of 5–10-µm-diameter, spheroidal Cu
particles; sandwiching two layers of the paste be-
tween three solid solder disks; reflowing the sand-
wich in an aluminum crucible at 523 K under argon
cover; and mechanically mixing the melt for 10 min.
at 150 rpm using a stainless-steel, impeller-blade-
type stirrer prior to solidification. The billet thus
produced was rolled to a sheet from which 3-mm-
diameter disks were punched out to prepare the
joints for testing. The particulate volume fraction in
this composite was about 0.7.

The NiTi-solder SFC was fabricated by casting
the solder around a single 1-mm-diameter NiTi fiber
(~50.6% Ni), having an austenite start temperature,
As, of ~310 K (Dynalloy Inc., Costa Mesa, CA). Prior
to being placed in the graphite mold, the fiber was
annealed at 823 K for 30 min to soften it. The
surface of the fiber was ground with emery paper
to remove native oxides and then covered with an
HF-based commercial flux (Indalloy Flux #2, Indium
Corporation of America, Utica, NY). The casting
temperature was 533 K. Following solidification,
approximately 3-mm-long pieces were cut from the
SFC cylinder and used to produce the test joints.
The fiber volume fraction of the SFC was 0.11.

Single-joint shear (SJS) specimens, comprising a
single 2–3-mm-diameter solder joint between two
5-mm-diameter Cu rods, were then produced for the
monolithic solder, the C-S composite, and the NiTi-
solder SFC in two separate configurations. First,
nominally 2-mm-diameter ball joints of the mono-
lithic solder and the C-S composite were produced
between the two copper rods, each of which had a
raised bond pad of 1.6-mm diameter and 0.1-mm
thickness at the joint end. All areas of the joint ends
except the bond pads were coated with an Al thin
film to serve as a solder mask to facilitate forming a
ball shape during reflow. For these samples, the sol-
der was reflowed for 2 min at 533 K while simulta-
neously adjusting the joint gap to produce nominally
1.2-mm-high, 2-mm-diameter, ball-shaped joints.
The cooling rate following reflow was ~20 K/min.
The SJS sample thus produced is depicted in Fig. 1
and represents a scaled up version of an FC or BGA
joint used in microelectronic packages. Additional
details of sample preparation are given in Ref. 4.

To evaluate the impact of the SMA reinforcement,
SJS samples of the NiTi-solder SFC and monolithic
solder were also produced with a cylindrical configu-
ration. For these samples, the Cu rods had a circular
recess of approximately 2-mm diameter and 0.2-mm
depth at the joint ends to enable the fiber of the SFC
to remain closely aligned with the axes of the Cu rods
during reflow. The sample geometry is schematically
depicted in Fig. 2, which also shows macrographs
of the cylindrical SJS joints of the monolith and
the SFC. These samples were reflowed for ~3 min at
533 K and cooled slowly to ambient temperature.

Following sample preparation, an instrumented,
bimetallic load frame, using the thermal expansion
mismatch between Al and Invar, was used to impart

temperature-dependent shear displacements to the
joints in the SJS specimen. The instrument, described
in detail in Ref. 4, uses several temperature-compen-
sated strain gauges to produce continuous records of
the applied force and shear displacement of the joint
during thermal cycling. Each SJS specimen was sub-
jected to 12 thermal cycles in argon from 298 K to 418
K with heating and cooling times of approximately
20 min each and dwell times of about 10 min at the
maximum and minimum temperatures. The dimen-
sions of the frame were such that the solder joint was
subjected to a nominal shear strain range of ~0.03 in
the experimental temperature range.

Processing of NiTi Particulate-Reinforced
Solder

The 1-mm-diameter NiTi wires were first embrit-
tled by cathodically charging with hydrogen using
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a

Fig. 1. (a) Schematic and (b) macrograph of the ball-shaped SJS
sample used for TMC tests. The joint is attached to two copper
cylinders at the two ends using raised circular pads.

b
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a Pt anode and an electrolyte of 1-N H2SO4 with
0.2 g/L of thiourea. The embrittled wire was then
ground to a powder using a mortar and pestle
and sieved to yield particle sizes of �15 µm by
mechanical grinding in a mortar and pestle.
Following grinding, the powder was heated in
vacuum at 823 K for 1 h to drive off the dissolved
hydrogen and anneal out the dislocation structure
introduced during grinding. The powder was then
mechanically mixed thoroughly with approximately
15 vol.% of a hydrofluoric acid-based flux (Indalloy
flux #2, Indium Corporation of America) to produce
a NiTi paste. The use of this flux ensured deoxida-
tion of the powder particles and promoted wetting
between NiTi and the solder during subsequent
reflow.

Separately, a solder paste was produced using a
solder powder of nominally 25-µm particle size and
an adipic acid-based flux with polyethylene glycol
and polypropylene glycol as the thixotropic agent
and solvent, respectively,21,22 wherein the solder
powder-to-flux ratio was about 7:1. The NiTi paste
was then thoroughly mixed with the solder paste
using an impeller-blade-type mechanical stirrer at
200 rpm, thus producing a NiTi particulate contain-
ing solder composite paste.

Finally, small quantities of the composite solder
paste were dispensed with a syringe on an alu-
minum plate heated at 533 K, producing approxi-
mately 2-mm-diameter balls of the composite
solder, as shown in Fig. 3. These balls were subse-
quently removed from the Al plate and prepared for
metallographic and scanning electron microscopic
examination.

RESULTS AND DISCUSSION

Thermomechanical Behavior

Microstructures

Figure 4 shows that the microstructure of the ball-
shaped SJS joint of the monolithic solder consists of
primary β-Sn grains surrounded by a divorced eutec-
tic of fine Ag3Sn (and some Cu6Sn5) particles in Sn.
The primary grain size is ~10 µm, and the Ag3Sn
particle size is �0.5 µm.

Figure 5a–c shows the microstructure of the
SJS ball joint reinforced by 7vol.%Cu particles.
The majority of the Cu particles reacted with the
Sn matrix to form Cu6Sn5 intermetallics. This is
shown in Fig. 5, where Cu6Sn5 is observed to
form all around a Cu particle along the particle/
matrix interface. Most of these particles were en-
trapped between the primary β-Sn grains during
solidification (Fig. 5b) but were relatively uniformly
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a b c

Fig. 2. (a) Schematic of the cylindrical SJS samples used for TMC tests on the monolithic solder and NiTi-solder SFC. The joint is attached to
two copper cylinders at the two ends using recessed circular cups. Macrographs of the cylindrical SJS samples of (b) the monolithic solder and
(c) the SFC.

Fig. 3. NiTi particulate-reinforced solder, composite-solder balls of
approximately 2-mm diameter on an aluminum substrate following
surface cleaning.
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distributed throughout the matrix, as shown in
Fig. 5a. The microstructure of the composite
matrix was close to that of the monolithic solder
(Fig. 4). No evolution of the microstructure of either
the matrix or the reinforcement was noted after
the SJS sample was subjected to 12 cycles, suggest-
ing that a comparison of the strain responses of
the monolith and the composite would yield a
direct assessment of the role of the Cu/Cu6Sn5
reinforcements.

Figure 6a and b shows the matrix and interfacial
microstructures of a cylindrical SJS joint of the SFC.
The matrix microstructure in Fig. 6a, which has a
coarser eutectic than that found in ball joints, was
very similar to that of the monolithic cylinders. No
perceptible microstructural change was observed in
either the SFC or the monolithic solder cylinder
after 12 TMCs. Therefore, a comparison of the stress/
strain records of the two samples is expected to
provide direct insight into the role of the NiTi fiber

Development of a Novel Adaptive Lead-Free Solder Containing
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Fig. 4. Microstructure of the SJS joint of a monolithic solder, show-
ing primary β grains surrounded by eutectic comprising intermetallic
particles (Ag3Sn, Cu6Sn5) in the Sn matrix.

a b c

Fig. 5. Microstructure of the SJS ball joint of 7vol.%Cu particle-reinforced solder, showing (a) an even distribution of reinforcements, (b) Cu6Sn5
particles growing around a Cu particle, and (c) a micrograph revealing that the Cu6Sn5 particles are located between β primary grains.

Fig. 6. Photographs revealing microstructures of the (a) matrix and (b) interfacial region of the NiTi-solder SFC. A distinct Ni3Sn4 layer is seen
at the interface for a sample held at the reflow temperature (533 K) for about 10 min. The presence of this intermetallic layer suggests that the
liquid solder wets the NiTi wire adequately following application of the flux.

a b
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during TMC. Figure 6b shows a high magnification
image of the interfacial region of an SFC sample
that was held at the reflow temperature for 10 min.
A thin layer of the Ni3Sn4 intermetallic is observed
at the interface, suggesting that, during reflow, the
wetting between the molten solder and NiTi at
the interface was quite good following application of
the flux.

Overall Behavior during TMC

Figure 7a shows an experimentally obtained plot
of the average, joint shear stress (τ̄)† versus tempera-
ture (T) during the twelfth TMC on the monolithic
solder ball and the Cu-reinforced solder ball. Plots
for the twelfth cycle are shown because it previously
has been found to take several cycles (~3–5) for sta-
ble stress/strain hysteresis conditions to evolve.4 The
experimental plots are qualitatively similar to those
observed previously for Pb-Sn solders.4 Because the
measurement starts with the joint in a stress-free
state at ambient temperature (298 K), the joint
stress initially builds up elastically (linearly) until
local plasticity and creep mechanisms start operat-
ing. Beyond about 343 K, the plot shows nonlinearity
with associated stress relief caused by creep. During
cooling, stresses build up again, and below about
353 K, the joint is subject to significant inelastic
strains with strain localization in shear bands,
which allow the stress to return to a small value.

Importantly, it is observed from Fig. 7a that both
the monolithic solder and the ball with 7vol.%Cu
reinforcements show very similar behavior, with
little discernible difference. This suggests that the
passive reinforcements proffered by the Cu/Cu6Sn5
particulates have relatively little impact on the
thermomechanical behavior of the solder, at least
for volume percents of �7%. This is because the

compliant, creeping solder easily flows around the
stiff reinforcements, which, because of their large
spacing and small volume fraction, do not serve as
significant obstacles to matrix flow.

Figure 7b shows a plot of the average inelastic-
shear strain (γ̄inel)‡ against temperature during the
twelfth TMC. The observed inelastic-strain hystere-
sis is due to the operation of creep and plastic yield-
ing. While heating from the ambient, no inelastic
strain is induced initially as the joint is loaded elas-
tically, following which high-temperature creep/
plasticity mechanisms become operational. The in-
elastic strains increase rapidly, and during cooling,
they steadily decrease to a near-zero value. As in
Fig. 7a, little difference is noted in the inelastic-
shear strain versus temperature behavior between
the monolithic solder and the solder reinforced with
Cu/Cu6Sn5 particles. This confirms that the passive
Cu/Cu6Sn5 particulate reinforcements offer little
dividend in terms of the thermomechanical behavior
when present in small quantities (�7 vol.%).

Figure 8a plots τ̄ versus temperature during the
twelfth cycle for the cylindrical samples of mono-
lithic solder and the solder-11vol.%NiTi SFC. Some
difference is noted between the two materials dur-
ing heating, where the stress is observed to build up
more rapidly in the NiTi fiber-reinforced composite.
Correspondingly, as observed in Fig. 8b, which plots
γ̄inel versus T during the twelfth cycle for the mono-
lith and the NiTi-solder SFC, γ̄inel accrues much
more slowly during heating in the SFC than in the
monolith. This ultimately results in a significantly
smaller inelastic-strain range, ∆γ̄inel, in the SFC
relative to the monolith, as noted from the smaller
hysteresis for the SFC in Fig. 8b. Because the in-
elastic-strain range, ∆γ̄inel, determines the LCF life
of the joint, the reduction in ∆γ̄inel for the SFC is

6 Dutta, Majumdar, Pan, Horton, Wright, and Wang

† The average joint stress is computed by dividing the force by
the average of the joint diameter at the middle and at the sol-
der/bond pad interface. It should be noted that the local stresses
in certain areas of the joint are significantly greater.4

Fig. 7. Plots showing variation of the average shear stress and average inelastic-shear strain in ball-shaped SJS joints of the monolithic solder
and Cu-solder composite during the twelfth TMC. The heating and cooling segments are indicated with arrows pointing toward the appropriate
direction.

‡ γ̄inel represents the average strain over the entire height of the
joint. The local γinel values may be substantially greater than γ̄inel
in regions of strain localization.

a b
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deemed to be of significant benefit in enhancing the
LCF life of the SFC relative to the monolith.

Figure 9a and b shows plots of τ̄ versus T and γ̄inel
versus T, respectively, for the monolith and SFC dur-
ing the first cycle. Although the basic trends are
similar to those observed during the twelfth cycle in
that the SFC displays a larger stress range and a
commensurately smaller inelastic-strain range, the
details are somewhat different. First, as in the
twelfth cycle, it is noted that the inelastic strain ac-
crues more slowly in the composite during heating,
and this is directly responsible for the resulting
smaller γ̄inel range for the SFC. However, it is appar-
ent that the comparative τ̄ versus T behavior of the
SFC and monolith during the first cycle is quite dif-
ferent from that in the twelfth cycle. During cooling,
the composite is stressed to a significantly higher
level relative to the monolith prior to the onset of
plastic-strain localization. This results in the promi-
nent “knee” in the cooling part of the τ̄ versus T plot
for the SFC in the first cycle, which is absent for the
monolith. This suggests that during cooling in the
first cycle, strain localization occurs in the monolith

much more easily (as indicated by the lower τ̄ level)
than in the SFC.

An important point that emerges from Figs. 8 and
9 is that, although the maximum value of the inelas-
tic-shear strain (γ̄inel,max) for the SFC is significantly
smaller than that for the monolith in both cycles (by
about 26%), the maximum τ̄ (τ̄max) to which the joint
is subjected is about 18% greater for the SFC in the
twelfth cycle, whereas the difference is indiscernible
for the first cycle. While it is expected that reinforc-
ing the solder with stiff reinforcements would reduce
γ̄inel,max, this would occur at the expense of an in-
creased τ̄max, as observed for the twelfth cycle.
However, during the first cycle, a reduced γ̄inel,max is
noted for the SFC (relative to the monolith) without
a commensurate increase in τ̄max, suggesting that the
fiber acts as more than just a passive reinforcement,
as discussed later. This reduction of γ̄inel,max without
an associated increase in τ̄max is clearly beneficial
from the point of view of an actual microelectronic
application, where a significant reduction in the
inelastic-strain range (with concomitant increase in
LCF life) is desired, but without an increase in the
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Fig. 8. Plots showing variation of the average shear stress and average inelastic-shear strain in cylindrical SJS joints of the monolithic solder and
NiTi-solder SFC during the twelfth TMC. The heating and cooling segments are indicated with arrows pointing toward the appropriate direction.

a b

Fig. 9. Plots showing variation of the average shear stress and average inelastic-shear strain in cylindrical SJS joints of the monolithic solder
and NiTi-solder SFC during the first TMC. The heating and cooling segments are indicated with arrows pointing toward the appropriate direction.

a b
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overall solder-stress level because a higher solder-
stress level would subject the microelectronic device
(i.e., the Si or GaAs chip) to greater stresses and,
thus, enhance the likelihood of device failure.

Role of the Shape-Memory Effect of NiTi on TMC
Response

From the preceding, it appears that reinforcement
with martensitic NiTi does indeed yield the antici-
pated dividends, particularly during the first cycle,
where the inelastic-strain range decreases signifi-
cantly without increasing the maximum stress
level. To understand the difference between the be-
haviors noted in the first and twelfth cycles, we now
inspect the phase transition behavior of NiTi.

Figure 10 shows differential scanning calorimetry
(DSC) scans of the NiTi wire during heating and
cooling over two separate temperature ranges: (a)
scan range 1: 238–353 K and (b) scan range 2:
283–348 K. In both experiments, the sample was
equilibrated at the lowest temperature for 5 min
prior to the scan. The sample was then heated to the
maximum temperature at the rate of 10 K/min,
where it was held for 5 min prior to being cooled at
the same rate to the lowest temperature. For both
scans, the sample weight was around 40 mg.

It is observed that when the scan is started after
equilibration at 238 K, a single exothermic peak
(peak A) occurs at 316 K. During equilibration at
238 K, the entire material is transformed to the
martensitic B19′ phase (trigonal structure). During
heating, B19′ transforms completely into the
austenitic B2 (ordered bcc phase) at 316 K, and
the material becomes single-phase austenitic above
peak A. During subsequent cooling from 353 K,
two distinct endothermic peaks are observed (B and
C). Khalil-Allafi et al.23 and Eggeler et al.24 have
demonstrated via a combination of transmission
electron microscopy (TEM) and DSC that during this

two-stage transformation, the first peak (peak B at
295 K) is associated with the transformation of B2
into a mixture of the rhombohedral-martensitic
phase R, which is the major constituent (~70 vol.%)
and B19′, which is the minor constituent. The second
peak (peak C at 273 K) represents the transforma-
tion of the R phase to B19′, thus producing a
single-phase B19′ structure. This kind of two-stage
transformation occurs when Ni4Ti3 precipitates are
present in the microstructure, and the precipitate/B2
interfaces promote the nucleation of the intermedi-
ate R phase during cooling. Because the present
material was annealed at 823 K prior to the DSC
experiments, a copious supply of Ni4Ti3 precipitates
is expected in the microstructure, consistent with the
two-stage transformation observed here.

A very different behavior is observed when the
material is scanned starting from 283 K (scan range
2). As noted previously, at 283 K, a two-phase mi-
crostructure, consisting of R (major constituent) and
B19′ (minor constituent), is present along with
Ni4Ti3 precipitates. During heating, the first peak
(peak D at 301 K) corresponds to the transformation
of R to B2, so that after this peak, the microstruc-
ture contains both B19′ and B2. The B19′ subse-
quently transforms to B2 at 316 K, corresponding
to peak A. Because B19′ constitutes only around
30 vol.% of the microstructure after peak D, the
enthalpy change associated with peak A (i.e., the
area under the peak) during the scan starting at
283 K is significantly smaller than that for the scan
beginning at 238 K. On subsequent cooling to 283 K
from 348 K, where a single-phase microstructure
of B2 exists, only peak B corresponding to the B2 to
R � B19′ transformation is seen.

From the preceding discussion, it is clear that
unless the NiTi is cooled below peak C (i.e., below
~263 K), a two-phase microstructure comprising R
and B19′ will exist at room temperature (291 K).
Following casting of the solder-NiTi SFC and subse-
quent cooling, therefore, the NiTi wire reinforce-
ment is expected to have a dual-phase martensitic
R/B19′ microstructure. Therefore, during the first
TMC, which starts at ambient temperature, the M
→ A transformation is expected to occur over the
range 296–323 K (corresponding to peaks D and A).
At the end of each cycle, the temperature drops only
to ~303 K (which is above both peaks B and C),
and therefore, during subsequent cycles, no phase
transformation would be expected in the present
material. As a result, during subsequent cycles, the
NiTi fiber would act as a passive reinforcement
(with constant stiffness over the temperature range
of the TMC), whereas, during the first cycle, the NiTi
fiber would act as an adaptive or smart reinforce-
ment. Therefore, the decrease in the inelastic-strain
range and the corresponding increase in shear-
stress range during the twelfth cycle are entirely
caused by the presence of the stiff austenitic NiTi
(B2) in the SFC. On the other hand, the decrease
in inelastic-strain range without a commensurate
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Fig. 10. DSC scans of the NiTi wire during heating and cooling over
two separate temperature ranges: (a) 238–353 K and (b) 283–348 K.
The endotherms A and D are associated with B19′ → B2 and R →
B2 transitions, respectively. The exotherms B and C are caused by
B2 → R � B19′ and R → B19′, respectively.
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increase in τ̄max during the first cycle is associated
with the M → A transformation during heating over
the temperature range of 300–330 K.

From Fig. 10, it is clear that cooling the NiTi to
~260 K is essential for obtaining a completely B19′
structure to derive the full benefit of the M → A (i.e.,
B19′ → B2) transformation during heating. There-
fore, one of the cylindrical SJS joints was cooled to
253 K and held for 10 min after fabrication, thereby
allowing the NiTi to transform completely to B19′.
The joint was then subjected to three TMCs.

Figure 11 shows the initial part of the γ̄inel versus
T behavior (up to 363 K) during the heating segment
of the first cycle for (1) the cylindrical, monolithic
SJS joint; (2) the SFC sample cooled to ambient tem-
perature after reflow; and (3) the sample cooled to
253 K prior to TMC. A trace for the heating segment
of the twelfth cycle for the SFC is also shown. The
approximate temperature range of the M → A trans-
formation is marked by the arrows P and Q. For the
monolith, γ̄inel remains near zero for a while and then
becomes increasingly negative. The same is true for
the twelfth cycle of the SFC (which starts at 303 K),
although here γ̄inel is around zero over a larger tem-
perature range (until ~328 K). In contrast, in both
SFC samples, γ̄inel initially increases with a positive
magnitude, then decreases and becomes increasingly
negative as the temperature increases.

In the monolith and the twelfth cycle of the SFC,
γ̄inel hovers around zero until the material starts
deforming plastically and, then, moves in the same
direction as the applied shear stress (i.e., negative).
During the twelfth cycle of the SFC, initiation of in-
elasticity is delayed relative to the monolith (~328 K
for the SFC and 310 K for the monolith) because the
NiTi fiber in the SFC is in the stiff austenitic state
right from the start. During the first cycle, on the

other hand, we see evidence of reverse inelasticity
(i.e., the direction of inelastic strain in the joint is
opposite to the direction of applied stress) as the ini-
tially martensitic fiber undergoes transformation to
austenite. As the solder joint is sheared in the
negative direction during thermomechanical load-
ing, the NiTi fiber also undergoes a negative strain.
However, this is counteracted by a strain in the pos-
itive direction caused by the shape-memory effect.
This positive strain places the solder matrix in the
immediate vicinity of the NiTi wire in a positive
shear-strain state, which is reflected in the plot
(Fig. 11). Once the transformation is over (at 328 K),
however, the composite deforms in the direction of
the applied stress, and γ̄inel becomes negative. This
effect is more prominent in the sample cooled to
253 K after reflow (Fig. 11), where the extent of
reverse strain during initial heating (over the trans-
formation temperature range PQ) is found to be
even greater, as would be expected because of the
completely B19′ microstructure and the commensu-
rately greater extent of strain recovery expected
during the B19′ → B2 transformation (as compared
to the R � B19′ → B2 transformation in the sample
cooled to room temperature).

This hypothesis is supported by Fig. 12, which
shows DSC traces of the NiTi fiber after a 30-min
anneal at 823 K, cooling to room temperature, fol-
lowed by a reheat to 533 K, and subsequent cooling
to 253 K. This heat-treatment sequence represented
the conditions to which the NiTi fiber in the SFC
SJS sample was exposed prior to the first cycle. The
DSC scans are shown for three cycles corresponding
to the TMC conditions of the SFC sample, where
the heating segment of the first cycle starts at
253 K, but the cooling segment ends at 303 K. The
second and third cycles each begin and end at 303 K.
Under these conditions, a peak corresponding to the

Development of a Novel Adaptive Lead-Free Solder Containing
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Fig. 11. Plot of the evolution of average inelastic-shear strain in
cylindrical SJS joints of the monolithic solder and NiTi-solder SFC
during the initial part of the heating segment of the first and twelfth
TMCs. Whereas the inelastic strain is ~0 to slightly negative for the
monolithic solder and the twelfth cycle on the SFC until ~330 K, the
first cycle on the SFC shows a reverse (i.e., positive) inelastic strain
during the M → A transformation range. When the SFC is cooled to
253 K prior to cycling, the magnitude of the reverse strain is larger.

Fig. 12. DSC scan of the NiTi wire during three cycles simulating
TMC conditions. Prior to scanning, the sample was annealed at 823
K for 30 min, cooled to ambient, heated to 533 K, and cooled to 253
K. The first heating segment shows only peak A (B19′ → B2). No
peak is observed during the first cooling segment or during the sec-
ond and third cycles, which begin at 303 K, thereby precluding the B2
to martensite transformation and, hence, the shape-memory effect.
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B19′ → B2 transformation with a large enthalpy
change (which is proportional to the transformation
volume) is noted between 305 K and 330 K during
the first cycle. But no transformation is observed
during the second and third cycles. Clearly, the
shape-memory effect is only realized in the first
cycle. Therefore, the NiTi fiber acts as an active or
smart reinforcement only during the first cycle,
being passive during subsequent cycles. This ac-
counts for the reverse shear strain realized in the
initial part of only the first cycle, as observed in
Fig. 11 over the temperature range PQ, where the
inelastic strain in the solder is positive even though
the applied shear stress is negative.

Figure 13 provides direct evidence of the impact of
M → A transformation in the fiber on the behavior of
the SFC. As shown in Fig. 13a, the SFC was loaded
in double shear to an average shear stress of 40 MPa
at room temperature, which ensured plastic yielding
of the NiTi wire at the center of the sample (point
B). After this, the load was kept constant, but the
material continued to deform via creep at room tem-
perature. The data suggest a gradual decrease of the
creep rate, likely associated with the transfer of the
load from the solder to the NiTi wire. The tempera-
ture was then raised to 353 K and then decreased to
ambient, as shown by the trace MNO in the figure.
As observed in Fig. 13a, when the temperature
reached ~320 K (point C), the measured shear dis-
placement suddenly decreased from C to D (i.e.,
moved in a direction opposite to the applied shear
force). This decrease in shear displacement in the
segment CD is associated with the M → A transfor-
mation over the range 320–350 K. Because of the
greater stiffness of austenite, the displacement
remains relatively constant over the segment DE.
Finally, once the temperature decreases to about
303 K, there is once again a displacement increase

of height EF (over 303–298 K), corresponding to the
A → M transformation. Even though the A → M
transformation did not occur during the cooling
segment of the TMC experiments as noted earlier,
this transformation is able to occur in the present
constant-stress experiments possibly because the
martensite start and finish temperatures (Ms and
Mf) increase in the presence of applied stress.22

Figure 13b shows two superimposed macrographs of
an SFC: (1) immediately after being loaded in shear
and unloaded and (2) following heating to 353 K
and cooling back to ambient temperature. After
loading/unloading according to step (1), the sample
was polished to reveal the fiber, photographed, and
then heated/cooled as per step (2) and photographed
again. In Fig. 13b, the perimeter of the longitudinal
section of the NiTi fiber is shown as ABCD after
the loading/unloading step and as A′B′C′D′ after
the heating/cooling step.# Clearly, the shear strain
accumulated in the NiTi during loading is largely
recovered after heating to 353 K, as indicated by the
observed straightening of the fiber, enabling loading
of the SFC in reverse shear during heating. This
experiment thus provides direct visual evidence
that it is possible to obtain the desired reverse-shear
deformation in the solder by first deforming the
fiber along with the solder matrix and then obtain-
ing shape recovery of the deformed fiber over the
M → A transformation temperature range. This
suggests that, at least in principle, NiTi reinforce-
ments may be used to reduce the inelastic-strain
range imposed on microelectronic solder joints.

It should be noted that because of the use of
the NiTi reinforcement of As ~310 K in this work,
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Fig. 13. (a) Shear displacement and temperature traces associated with the double shear test on the SFC, showing change in shear direction
(segment CD) caused by M → A transformation at constant applied shear load. The inset shows loading geometry. (b) Superimposed macro-
graphs of the shear-loaded SFC sample, showing NiTi fiber configurations after shear loading (ABCD) and after strain recovery caused by
heating above the M → A transformation temperature (A′B′C′D′).

a b

# In Fig. 13, the longitudinal section of the fiber appears tapered
because the polishing plane was not perfectly parallel to the fiber
axis.
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the entire M → A transformation occurs by ~330 K
(Fig. 12). During the first cycle of our experiments,
TMC starts at 293 K. Therefore, only a small
amount of inelastic strain (�0.2%) is introduced
into NiTi prior to complete transformation of the
fiber to austenite. Hence, only a small strain recov-
ery (i.e., reverse strain) was achieved in the present
experiments, and the full potential of the shape-
memory effect of the reinforcements was not real-
ized. Future experiments are planned with NiTi
having an As temperature of ~363 K, and this should
allow loading of the fibers from 293 K to 363 K
before the M → A transformation begins, thereby
enabling a much larger strain recovery via the
shape-memory effect.

Microstructure of the NiTi Particulate-
Reinforced Solder Composite

In the following, we briefly discuss the microstruc-
ture of the 2-mm-diameter balls formed by reflowing
the composite solder paste developed in our labora-
tory. Figure 14a shows the distribution of NiTi
particles in the solder matrix, showing that the
particulates have a nominally uniform distribution.
The particulate volume fraction in the composite
paste was approximately 0.1, and the particle size
was determined to be 11.3 � 4.83 µm. However, the
final particulate volume fraction in the reflowed
solder, as computed from the microstructure, was
approximately 0.04, and the majority of the particu-
lates observed in the microstructure were �5 µm in
diameter (Fig. 14a). This is because during reflow, a
significant proportion of the large NiTi particles is
rejected as the approximately 25-µm solder particles
in the composite paste melt and coalesce, leaving be-
hind the larger particles in the boiling flux cover
around the ball. This suggests that in order to in-
crease the volume fraction of NiTi particles in the
reflowed solder, the particle size needs to be reduced

to less than 5 µm. Figure 14b shows that the NiTi
particles are mostly embedded in the eutectic micro-
constituent between the primary β-Sn grains,
indicating that the particles are pushed out as the
primary phase forms and are entrapped in the last
liquid to solidify (i.e., the eutectic). This is similar to
the behavior noted for C-S composites, as shown in
Fig. 5c. That the wetting of the NiTi by liquid solder
is reasonably good is evidenced by the facts that (a)
no large-scale clustering of particulates is noted, and
(b) there are no noticeable voids between contiguous
particles suggestive of surface tension-driven with-
drawal of the melt from particulate interstices.

Figure 15 shows elemental x-ray maps from a re-
gion of the composite microstructure in the immedi-
ate vicinity of a NiTi particle. It is clear that the
particle contains only Ni and Ti, whereas the matrix
contains only Sn and Ag. No evidence of significant
alloying of the liquid Sn with Ni is noted, at least for
the reflow time of 2 min used to make this specimen,
even though a reflow time of 10 min had yielded a
distinct Ni3Sn4 interfacial layer in the SFC (Fig. 6b).
The absence of a noticeable reaction layer is particu-
larly clear by noting that the crack of submicron
width in the lower part of the particle (indicated
with an arrow in Fig. 5c) contains only Sn and Ag,
with no indication of the presence of any dissolved
Ni or Ti. Furthermore, the observation that the nar-
row crack is penetrated completely by the molten
matrix also indicates that the wetting problem be-
tween NiTi and Sn, which has thwarted previous
attempts at making NiTi-solder composites with
an even particulate distribution,18–20 has been suc-
cessfully overcome in this study. Finally, we note
that the present work constitutes the first reported
attempt at successfully making a NiTi-solder
composite from a paste precursor, which is very
important for the eventual application of these
solder composites in commercial microelectronics.

Development of a Novel Adaptive Lead-Free Solder Containing
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Fig. 14. Low and high magnification micrographs of a NiTi particle-reinforced adaptive SnAgCu solder ball (2-mm diameter) in the as-reflowed
condition. The NiTi particles are distributed nominally uniformly throughout the ball.

a b
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CONCLUSIONS

A new methodology to mitigate the effects of
strain localization in microelectronic solder joints is
proposed where the solder alloy is reinforced with
reinforcements displaying the shape-memory effect.
In this scheme, the SMA reinforcement is purported
to deform in shear concurrently with the solder dur-
ing TMC and, subsequently, undergo strain recovery
through M → A transformation, thereby placing the
solder matrix next to the reinforcements in reverse
shear, potentially leading to reduced inelastic-strain
localization within the solder and, therefore, en-
hanced joint life.

Thermal-mechanical loading experiments were
conducted on a monolithic 95.5Sn-3.8Ag-0.7Cu sol-
der, a Cu/Cu6Sn5 particle-reinforced solder, and
NiTi-solder SFCs to elucidate the impact of the
shape-memory effect on the overall joint behavior. It
was found that the TMC behaviors of the monolithic
solder and Cu/Cu6Sn5 particle-reinforced solder
were very similar. On the other hand, the phase
transformations occurring in NiTi were observed to
reduce the inelastic-strain range to which a NiTi-
solder SFC joint is subjected by ~25%, without
enhancing the resultant stress range (i.e., without
making the joint stiffer). The TMC experiments, in
conjunction with DSC studies, clearly established
that the M → A transformation occurring in the
NiTi fiber during the heating segment imposes a
shear strain opposite in sense to the applied shear
stress on the solder joint. This was further demon-
strated via double shear-loading experiments on
the NiTi-solder SFC, where the direction of shear
displacement was noted to become opposite the
direction of applied shear over the M → A transfor-
mation temperature range. Visual evidence of shear-
strain recovery of the SMA fiber in a SFC during
heating after shear deformation is also presented,
thereby validating the hypothesis that the NiTi
acts as an active or smart reinforcement that
enables the solder to react adaptively to external
thermomechanical conditions.

Finally, the successful fabrication of a composite
solder paste, from which adaptive solders with a
uniform distribution of about 5 vol.% of NiTi partic-
ulates may be produced, has been presented. In
this work, the acute wetting problem between
NiTi and solder, which has thwarted previous at-
tempts at making NiTi particulate-reinforced solder

composites, has been overcome, as evidenced by the
microstructures presented.
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